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As one of the Gen-IV nuclear energy systems, a sodium-cooled fast reactor (SFR) is being
developed at the Korea Atomic Energy Research Institute. As a long-term national research
project, advanced radiation resistant oxide dispersion strengthened steel (ARROS) is being
developed as an in-core fuel cladding tube material for a SFR in the future. In this paper,
the current status of ARROS development is reviewed and its future prospective is
discussed.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
As one of the future nuclear energy systems, a sodium-cooled
fast reactor (SFR) is being developed at the Korea Atomic En-
ergy Research Institute (KAERI) with a view to economics,
safety, reliability, and sustainability [1e3]. A prototype Gen-IV
SFR with a capacity of 150 MWe is under design, and this
prototype reactor is scheduled to operate from 2028. ForKim).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on beha
mons.org/licenses/by-ncrealization of a commercial SFR system in the future, it is
necessary to develop an advanced structural material having
both high creep strength and irradiation resistance at high
temperatures [4e7]. Oxide dispersion strengthened (ODS)
steel is the most promising structural material because of its
excellent creep and irradiation resistance on the basis of
uniformly distributed nano-oxide particles with a high den-
sity which are extremely stable at high temperatures under aCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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period [8e11].
As a long-term national research project started in 2012,
ODS steels have been intensively studied and developed to
apply these ODS materials to the in-core structural compo-
nents of a commercial SFR at KAERI. The research activities
consist of advanced radiation resistant ODS steel develop-
ment, fabrication technology development of ODS steel, and
key joining technology development of the ODS steel struc-
tural components. As the first step, several batches of ODS
steel were designed and the candidate samples were fabri-
cated by mechanical alloying, hot isostatic pressing, and hot
rolling processes. The out-of-pile performances of these
samples were evaluated. Until now, martensitic 10Cr-1Mo
ODS steels and ferritic 15Cr-1Mo ODS steels were developed,
and these materials were named as the advanced radiation
resistant ODS steels (ARROS). Among them, two candidate
materials with chemical compositions of (in wt%) Fe-10Cr-
1Mo-0.5Mn-0.1V-0.25Ti-0.35Y2O3 and Fe-10Cr-1Mo-0.2Ni-
0.05Zr-0.2Ti-0.35Y2O3 were selected as representative mate-
rials. The second step was to optimize the fabrication process
of the ARROS compositions for in-core structural components
such as the fuel cladding tubes of a SFR. An optimized fabri-
cation process for fuel cladding tubes made of ARROS has
been established by means of a control of various process
conditions inmechanical alloying, hot consolidation, hot/cold
working, and heat treatment processes. Joining technologies
for the ODS steel tubes are being developed using solid-state
welding such as magnetic pulse welding, friction stir weld-
ing, and diffusion boding. It is expected that the development
of ARROS will contribute to the realization of a commercial
SFR with high economics and sufficient safety in the future.
In this paper, the current status of ARROS development is
reviewed and the future prospective is discussed.9 10 11 12 13 14 15 16
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Fig. 1 e Effect of Cr contents on the tensile properties of
oxide dispersion strengthened steels at 700C. TE, total
elongation; UTS, ultimate tensile strength; YS, yield
strength.2. Current status of ARROS development
2.1. Advanced ODS steel development
Ferritic/martensitic (F/M) steelshavemanyadvantages suchas
high thermal conductivities, low expansion coefficients, and
excellent irradiation resistances to void swelling compared
with austenitic stainless steels [12]. F/M steels in which Cr is
added to iron at 8e12 wt% are generally normalized and
tempered, thereby forming a tempered martensitic structure.
Such high Cr F/M steels are used as materials for structural
components of nuclear reactor systems such as a SFR due to
their excellent neutron radiation resistance and superior me-
chanical properties at high temperatures. However, there is a
limit to the temperature at which the F/M steels can be used as
a structural material due to a drastic reduction in their tensile
and creep strength above 600C. For this reason, ODS steel
which has enhanced mechanical properties at high tempera-
turesdue todispersedoxideparticles in its steelmatrix is being
developed to use at operation temperatures above 650C.
ODS steel is an alloy in which nano-sized oxides with
excellent thermal stability are uniformly dispersed in an Fe-
based alloy matrix, which is significantly enhanced in high-temperature mechanical properties such as the creep
strength, compared with a general alloy, due to the dispersion
strengthening of the oxide as well as the solid solution
strengthening of the matrix structure. Various ODS steels
have been developed as in-core structural materials for SFRs
in Japan, Europe, the USA, and Russia [13e15]. ODS steels
normally have two kinds of phases, martensite and ferrite
phases, which are determined by the amounts of ferrite and
austenite former elements they contain. These elements are
well known to be Cr, W, Mo, Ni, and C at a consolidation
temperature of around 1,150C. ODS ferritic steels usually
contain high Cr over 12 wt%, resulting in excellent compati-
bility with coolants. ODS martensitic steel can have a lath
martensitic structure and high dislocation density, which
ensure better irradiation resistance. A martensite trans-
formation also gives favorable isotropy in homogeneous
microstructure and mechanical properties.
In KAERI, ARROS has been newly developed for the in-core
structural components of a SFR. ARROS has been primarily
designed on the basis of a martensitic phase with consider-
ation of the high homogeneity, productivity, and reproduc-
ibility of ODS steel. It is well known that Cr is one of the most
important elements to determine the matrix phase of ODS
steels. The effect of the Cr content on the tensile properties of
ODS steels at 700C is shown in Fig. 1. It is considered that the
Cr content has little influence on the tensile strength [16]. The
microstructures of ODS steels with different Cr contents are
shown in Fig. 2. ODS steel containing 10 wt% Cr has a typical
tempered martensitic structure with fine needle-like grains
and grain boundary carbides. In the case of containing 15 wt%
Cr, elongated ferrite grains were distributed as shown in
Fig. 2B. The Cr is also a critical element to improve the
compatibility due to the formation of a passive oxide layer on
the surface. While a content of Cr lower than 8 wt% enables
the compatibility with coolants to be degraded, more than
12 wt% Cr leads to difficulty to form the martensite structure.
Accordingly, ARROS was mainly designed to have 10 wt% Cr
with both a martensitic phase and favorable compatibility.
Fig. 2 e Microstructures of oxide dispersion strengthened steels containing Cr contents. (A) 10 wt%. (B) 15 wt%.
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Mo and W usually influences the high temperature strength.
The effect of Mo content on the high temperature tensile
properties is shown in Fig. 3. The high-temperature tensile
strength was slightly increased as the Mo content increased
up to 2 wt%, but a noticeable improvement was not observed.
It was reported that an excessive addition of Mo leads to form
the brittle phase, called the Laves phase, on the prior austenite
grain and lath boundaries as well as the coarsened carbides
under high-temperature stress conditions exposed to a
neutron irradiation atmosphere. ARROS also requires suffi-
cient workability for the fabrication of structural components
such as plates and tubes, whereas an increase of yield
strength due to an excessive addition of solid-solution hard-
ening elements at room temperature is not favorable. There-
fore, the content of Mo is preferably 0.2 wt% to 2 wt% to
enhance the long-term creep property in ARROS.
Several minor alloying elements such as Mn, Ti, and V
could also be added to improve the various characteristics of
ARROS. Mn could serve to increase the strength of a matrix by1.0 1.5 2.0
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Fig. 3 e Effect of Mo contents on the tensile properties of
oxide dispersion strengthened steels at 700C. TE, total
elongation; UTS, ultimate tensile strength; YS, yield
strength.the martensitic strengthening as austenite-forming elements
and its content could be in the range of 0.01 wt% to 1 wt%.
Previous studies on the chemical composition of oxide parti-
cles in ODS steels showed that the addition of a small amount
of Ti resulted in decreasing the particle size and increasing the
number density and consequently increasing the high tem-
perature strength. Such Ti is combined with yttrium during
the fabrication processes and forms a Y-Ti-O complex oxide
such as Y2Ti2O7 or Y2TiO5 [17,18].
Microstructures showing the grain and nano-oxide mor-
phologies of ARROS are presented in Fig. 4. ARROS has a
typical tempered martensite structure consisting of very fine
and equiaxed martensitic grains with finely dispersed car-
bides along the grain boundaries. The carbides are mainly
identified as TiC and M23C6, which is a Fe, Cr-rich carbide
induced by tempering heat treatment at 750C. Fine nano-
oxide particles were homogeneously distributed in the
ARROS matrix. The average diameter and number density of
the oxide particles were evaluated to be about 5.16 nm and
14  1021/m3, respectively. Creep rupture tests of ARROS are
ongoing in various stress ranges between 80 MPa and
200 MPa at high temperatures. Up to now, the creep test re-
sults at 700C are plotted on the log-log scale in Fig. 5. The
creep strength of ARROS was far superior to the conventional
steels. This is due to the fine and homogenous microstructure
features in ARROS as shown in Fig. 4, and leads to excellent
creep rupture strength at high temperatures. Considering the
application of ARROS as a fuel cladding material for SFR, the
long-term compatibility with coolant, as well as critical pa-
rameters such as swelling, oxide thickness, and physical
properties associated with the cladding design criteria which
should be satisfied are also important. The establishment of
the critical parameters and long-term compatibility will be
included in our next research scope.
Meanwhile, reduced activation ferritic/martensitic (RAFM)
steels have been developed as a structural material for a
fusion reactor system in several countries [19e21]. Similar to
F/M steel development for a SFR, however, RAFM steels also
have limited thermal creep-rupture strengths at temperatures
above 550C in a fusion environments. According to advanced
fusion reactor designs, operation at higher temperatures
(A) (B)
Fig. 4 e Microstructures. (A) Micro-grain. (B) nano-oxide morphologies of advanced radiation resistant oxide dispersion
strengthened.
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essentially required for improved efficiency and safety. Based
on the Korean RAFM steel (named ARAA) [2], specific RAFM-
ODS steels in which fine oxide particles having sizes less
than 10 nm in diameter are uniformly distributed have been
successfully developed, as shown in Fig. 6.
2.2. Fabrication technology development of ODS steel
components
2.2.1. High energy ball-mill process
To fabricatemechanical alloying (MA) ODS alloys, commercial
high energy milling machines, such as pulversette [22,23],
attritor [24,25], and spex mixer [26,27] mills, have been
employed. Although some MA ODS alloys have been suc-
cessfully fabricated using these machines, they have serious
shortcomings, such as a very slow alloying rate among the
elements and a drastic increase in temperature during the
milling process at elevated rotation speeds. These are mainly
caused by the employment of a relatively lower rotation speed
and the absence of an effective cooling system, respectively.1 10 100 1,000 10,000 100,000
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Fig. 5 e Creep rupture strengths of advanced radiation
resistant oxide dispersion strengthened and conventional
steels. ARROS, advanced radiation resistant oxide
dispersion strengthened.To address these issues, a newmilling apparatus with both
a very high rotating speed and the capacity to operate for a
very long time has been designed and manufactured. For this
purpose, six design concepts were first considered in the
design process, namely, maximization of the rotation speed,
independent antidirectional rotation of the disk and vial, op-
timum rate of the disk rpm and vial rpm, shape and size of the
vial (ratio of diameter to height), mechanical balance owing to
a higher rotation speed, and application of a water cooling
system during the milling process. Among these, for the in-
dependent antidirectional rotation of the disk and vial, a
frictional contact type rotation is applied as presented in
Fig. 7A. As shown in this figure, a vial embedded supporting
disk is contrived in order to ensure mechanical balance at a
higher rpm. Therefore, the rotational speed of the vials can be
raised up to a maximum of 2,640 rpm, and hence the impact
energy of the grinding balls can also be increased drastically
compared to that in a conventional ball mill machine. The
cooling circuit was laid out inside the container including both
the rotating disk and vial to decrease the temperature by
passing just one way. Based on these concepts, the first mill-
ing machine, named P100 as given in Fig. 7B, was manufac-
tured. Based on the operating experience of the first milling
machine, other milling machines P300 and P1000 with higher
capacities have been successively designed. To increase the
productivity, the total vial volume increased by six and 20
times, respectively, by increasing the vial volume as well as
the number of vials. Table 1 presents the specifications of
three kinds of very high-speed planetary ball mill machines
P100, P300, and P1000 developed at KAERI, which are called by
the trade name AMILLA (Advanced MILLing Apparatus).
In order to verify the performance of the AMILLAmachine,
several ODS steel samples with a composition of 84Fe-14Cr-
2Y2O3 were fabricated using it and their microstructures were
investigated. The starting materials used were high purity Fe
and Cr metallic powders with an average particle diameter of
45 mm and high purity Y2O3 oxide powder with an average
particle diameter of 50 mm. It should be emphasized that
micron-sized coarse Y2O3 particles were initially used. Me-
chanical milling of the Fe, Cr, and Y2O3 powdermixture with a
weight ratio of 84Fe-14Cr-2Y2O3 was conducted using our
newly designed AMILLAmachine under an argon atmosphere
for various milling times ranging from 10 minutes to 90
Fig. 6 e Microstructures. (A) Reduced activation ferritic martensitic steel. (B) Reduced activation ferritic martensitic-oxide
dispersion strengthened steel.
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of the stainless steel balls of 8 mm in diameter to the powder
mixture was 20:1. Since the objective of the present work is to
evaluate such milling properties as the particle size refine-
ment and homogeneous dispersion of the oxide particles, it
should be noted that the alloy system was simplified with Fe,
Cr, and Y2O3. For the same reason, the concentration of Y2O3
oxide powder was increased unusually up to 2 wt%. Milled
powders were mounted with acryl resin and polished in order
to observe the cross-sections. After mechanical milling,
consolidation was carried out for the Fe, Cr, and Y2O3 powders
milled for 10 and 90 min by spark plasma sintering at 1,100C
for 30 minutes. The phase and crystal structures of the ODS
alloys were examined by X-ray diffraction (XRD; Rigaku D/
MAX 2500H) using Cu Ka radiation operating at 40 kV and
100 mA. The cross sections of the powder and consolidated
samples were characterized by scanning electron microscopy
(SEM; FEI Sirion). Compositional analyses were carried out
with energy dispersive spectroscopy (EDS) equipped in SEM
with an operating voltage of 20 kV and a spot size of 1 mm. The
detailed microstructures were further studied by field emis-
sion transmission electron microscopy (TEM;JEOL JEM-2100F),
including a fast Fourier transform image. The TEM specimens
were prepared through two methods. For the specimen of the
matrix of consolidated alloys, a conventional jet polishing
technique was applied. In addition, TEM specimens for the
precipitates dispersed in the consolidated alloy matrix were
prepared by a replica method [28]. The consolidated matrix
was mechanically polished up to a mirror finish and then
etched using the mixed solutions of 1% tetra methyl ammo-
nium chloride-10% acetyl acetone-methanol. After etching,carbon deposition was performed in a vacuum. Then, the
deposited carbon layer was carefully removed under the same
etching procedure. The removed carbon layer containing
precipitates was placed on a Cu grid and observed in a field
emission transmission electron microscopy.
From the XRD patterns (not shown here), the full width at
half maximum and 2 theta were determined with different
crystal planes for the Fe and Cr elements as a function of the
mechanical milling time. Then, the lattice parameter of the Fe
element was calculated for variousmilling times based on the
Nelson-Riley relation [29]. These are summarized in Table 2
and Fig. 8.
Fig. 8 shows the calculated lattice parameter of Fe with the
milling time. Considering that the value of the lattice
parameter of Fe was saturated after milling for 40 minutes, it
is inferred that mechanical alloying between the Fe and Cr
element was finished at a milling time of 40 minutes. Cross-
sectional backscattered SEM images of 84Fe-14Cr-2Y2O3 MA
ODS powders prepared under various milling times ranging
from 10e90 minutes are shown in Fig. 9. In the MA powder
milled for 10 minutes, a lamellar structure between Fe and Cr
was observed because mechanical alloying was not finished
yet. From the EDS analyses, the darker phase was identified as
Cr, while the light phase was Fe. However, in the case of MA
powder milled for 90 minutes, Fe and Cr were fully homoge-
nized with each other; hence, it was very hard to distinguish
between them with the help of SEM. In addition, the fact that
there were no individual oxide particles, as evidenced in the
cross-sectional image shown in Fig. 9B, suggests that the
initial coarse Y2O3 particles became much finer, and at the
same time alloyed thoroughly with Fe and Cr. It is thus
Fig. 7 e Photographs of a very high speed milling machine
with frictional contact type rotation developed at the Korea
Atomic Energy Research Institute.
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higher degree of homogeneity can be achieved after milling
for 90 minutes by using a very high speed milling process.
Fig. 10 shows the XRD patterns of 84Fe-14Cr-2Y2O3 MAODS
alloy consolidated by the spark plasma sintering method
using MA powders milled for 10 minutes and 90 minutes.
Unlike the XRD patterns of MA powders, many uncertain
peakswere observed in those of the consolidated ODS alloy. In
particular, it should be emphasized that the main peak foundfor the consolidated alloy was not a Y2O3 peak, but a YCrO3
peak. From the comparison of the XRD patterns of MA pow-
ders and those of the consolidated alloy, it may be deduced
that Y2O3 particles would be decomposed during the me-
chanical milling process and then reformed to YCrO3 through
the consolidation process. For further understanding of the
changes in ODS alloy structure and in the phase of the Y2O3
particles, high resolution TEM was carried out on the consol-
idated ODS alloys for the powdermilled for 90 minutes. Fig. 11
gives TEM images of the matrix and precipitates of the 84Fe-
14Cr-2Y2O3 MA ODS alloy. The matrix and precipitate speci-
mens were prepared by jet polishing and replica methods,
respectively. As shown in the TEM images of Figs. 11A and 11B,
many precipitates of 10e20 nm were easily observed. These
precipitates were characterized by a high resolution TEM
image, including a fast Fourier transform image as shown in
Fig. 11C. As a result, almost all precipitates were proved to be a
nano-phase of YCrO3 and this matches the XRD pattern re-
sults of Fig. 10. Therefore, on the basis of the results and un-
derstandings made in this study, it is reasonable to conclude
that the new ball mill apparatus AMILLA can operate under a
very high rotating speed for a long time and is an effective tool
to fabricate MA ODS alloys in a very short time by using initial
coarse oxide particles.
2.2.2. ARROS plate
2.2.2.1. Manufacturing process. 10Cr-1Mo ODS steel (ARROS)
was prepared by mechanical alloying, hot isostatic pressing
(HIP), and hot extrusion processes. Pre-alloyed and yttria
powdersweremechanically alloyed under a high purity Ar gas
(purity in 99.999%) atmosphere. The MA powders were placed
in an AISI 304L stainless steel container, sealed after a
degassing process, and consolidated by the HIP process at
1,150C under a pressure of 100 MPa for 4 hours. Hipped
samples were hot-extruded by a 600 ton capacity press for
several seconds with a 6.3:1 extrusion ratio after annealing in
the furnace at 1,100C for 2 hours. The hot-extruded bar
specimen was machined to a plate shape with a thickness of
4 mm.
ODS steel has superior radiation resistance and high tem-
perature strength in comparison with existing commercial
steels because nano-sized oxides obtained by mechanical
alloying and hot consolidation are present in the matrix,
leading to the high strength of the ODSmaterials [30,31]. Since
the nano-oxide particles can never be subsequently dissolved
or refined at any stage of the manufacturing process of thin
plates or cladding tubes, they usually enable the ODS steels to
have low ductility and high hardness at room temperature.
This means that the ODS plate has to be manufactured by a
combination of rolling passes for reducing the thickness and
softening heat treatments allowing a reduction of thematerial
hardness.
After hot extrusion, the 10Cr-1Mo ODS mother plate was
homogenized at 1,150C for 1 hour and slowly cooled to obtain
a softened ferrite phase. A cooling rate of 5ºC/min was applied
according to the CCT diagram suggested by Ohtsuka et al [32],
which describes characteristic temperatures and critical
cooling rates for martensitic ODS steel. The hardness value
was measured to be 335 Hv, indicating a ferritic structure that
can safely be cold worked. Based on our preliminary studies, it
Table 1 e Typical specifications of a very high speed planetary ball mill machine developed at Korea Atomic Energy
Research Institute.
Parameter P100a P300a P1000a
Max. disk (rpm) 1,100 850 450
Max. vial (rpm) 2,640 2,040 1,080
Max. centrifugal force (G) 72 70 70
Rotating type Frictional contact Frictional contact Dual rotation
Vial volume (cc) 150 300 1,000
Productivity (g/batch/hr) 40 160 600
Cooling system Water cooling Water cooling Water cooling
Max., maximum.
a Pxxx represents the trade name.
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ratio of about 15% for each pass and intermediate heat treat-
ment performed in the austenitic region at 1,050C for 4 mi-
nutes followed by furnace cooling at a rate of 5ºC/min are
proper to guarantee safe manufacturing for 10Cr-1Mo ODS
steel. Accordingly, TheODSmother platewas cold-rolled eight
times with a reduction ratio of about 15% each time to fabri-
cate a cold-rolled plate with a 1 mm thickness, and interme-
diate heat treatments were conducted after each cold rolling.
After about 15% cold rolling for each pass, the hardness values
increased up to around 400 Hv. According to prior studies [33],
it has been reported that the hardness value should be less
than 400 Hv to avoid damage during manufacturing, indi-
cating that the rolling reduction ratio incorporated from the
preliminary study is desirable for 10Cr-1Mo ODS steel. The
intermediate heat treatments were found to lead to a signifi-
cant hardness decrease in the range of 30 to 40 Hv, clearly
evidencing its efficiency in 10Cr-1Mo ODS steel. Fig. 12 illus-
trates the hardness evolution of 10Cr-1Mo ODS steel in the
process of thin plate manufacturing by repeated cold rolling
and intermediate heat treatment. Lastly, a final heat treat-
mentwas carried out to obtain goodmechanical properties for
the final thin plate. It consisted of normalizing at 1,050C for 1
hour, and was followed by tempering at 780C for 1 hour. Air
cooling was applied for both parts of the last heat treatment.
In particular, the air cooling after the normalizing is closely
related to the formation of a martensitic structure with
equiaxed grain structures. The hardness measurement was
identified to be 365 Hv after the final heat treatment, as shown
in Fig. 12. As a result, it is considered that the fabricationTable 2 e Full width at half maximum and 2theta were determ
elementswith respect to themechanicalmilling time determin
Fe Cr MA 10 (min) MA
(110) FWHM 0.238 0.353 0.646
2theta 44.670 44.355 44.566 4
(200) FWHM 0.402 0.476 1.164
2theta 65.036 64.560 64.878 6
(211) FWHM 0.447 0.695 1.236
2theta 82.366 81.715 82.209 8
Lattice
parameter (A)a
2.8648 2.8834 2.8685
FWHM, full width at half maximum; MA, mechanical alloying.
a Lattice parameter was calculated using NelsoneRiley method [8,9].process proposed in our study is sufficient to ensure safe
manufacturing of a thin plate with a thickness of 1 mm for
10Cr-1Mo ODS steel.
2.2.2.2. Microstructural characterization. A postmortem anal-
ysis was performed to understand the microstructural evo-
lutions in the course of manufacturing, which is essential to
optimize the manufacturing route for 10Cr-1Mo ODS steel.
Fig. 13 shows an optical micrograph and SEM image of the
grain morphology for hot-extruded and homogenized 10Cr-
1Mo ODS steel. The hot-extruded specimen, as depicted in
Fig.13A, consists ofmartensite with fine equiaxed grains and a
small portion of delta-ferrite with elongated grains along the
hot rolling direction. It has been reported that the delta-
ferrite, designated as residual ferrite, remains untrans-
formed without transforming into austenite during the tem-
perature rise in the process of HIP due to the presence of a
regionally high concentration of ferrite formers, Cr and Mo,
and a Y2O3 nano-sized particle which favors the retention of
the ferrite phase at around 1,050C [32,34,35]. Due to the slow
cooling subsequent to the homogenization, a softened ferritic
structure with a mean grain size varying from 3e5 mm was
observed in the mother plate, as shown in Fig. 13B.
In Fig. 14, an electron backscatter diffraction analysis
observation using a band contrastmap for 10Cr-1MoODS steel
was conducted to examine grainmorphology evolution during
themanufacturing process. It can be seen that the grains were
relatively refined and elongated in the rolling direction, and a
high fraction of red and blue regions representing <100> and
<111> textures developed after about 15% cold working, asined using the different crystal planes for the Fe and Cr
ed fromX-ray powder diffraction patterns (not shownhere).
30 (min) MA 40 (min) MA 60 (min) MA 90 (min)
0.803 0.790 0.846 0.885
4.512 44.450 44.514 44.529
1.446 1.526 1.609 1.648
4.837 64.785 64.816 64.833
1.526 1.501 1.578 1.626
2.119 82.054 82.098 82.104
2.8701 2.8713 2.8707 2.8712
Fig. 8 e Plots of Fe lattice parameter with milling time
calculated based on the X-ray powder diffraction patterns.
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lution of typical BCC rolling textures [36]. In Fig. 14B, a high
fraction of large ferrite grains was observed, and the grain
sizeswere three to five times bigger than the cold-rolled grains
in Fig. 14A. While the <111> textures partially remained, the
<100> textures were significantly reduced, showing the
reduction of the morphological anisotropy induced by cold
rolling. It appears that the decrease of anisotropy is associated
with the phase transformation from ferrite to austenite. The
intermediate heat treatment allows a hardened plate to obtain
a softened ferrite phase with larger grain sizes which effec-
tively permits further cold work. It should be noted that the
manufacturing by repeated cold rolling and intermediate heat
treatment can be processed until reaching the final thin plate
with a thickness of 1 mmwithout any risk of damage. Fig. 14C
shows the grain morphology of the thin plate after the final
heat treatment. It was observed that the grain structure is
quite homogeneous, indicating that the elongated grain
structure resulting from the eighth cold rolling is ultimately
replaced by an equiaxed grain. An important result to note
from Fig. 14C is that much less crystallographic texture was
observed in comparison with the one after the intermediate
heat treatment. It is suggested that the final heat treatmentFig. 9 e Cross-sectional backscattered scanning electron micros
dispersion strengthened powders prepared under different milcan be effective at enhancing the mechanical properties
through the equiaxed grains and improved isotropy.
Fig. 15 illustrates TEM images showing martensitic
(Fig. 15A) and ferritic (Fig. 15B) structures of the thin plate after
cold rolling with a reduction of 75% and a final heat treatment.
It was found that the final ODS steel has a typical tempered
martensite structure with very fine martensitic grains and a
few ferritic grains. In Fig. 16, a TEM bright-field image of a
nano-oxide particle distribution for 10Cr-1Mo ODS steel after
completion of the manufacturing process is presented. It is
clearly shown that fine oxide particles are homogeneously
distributed in the matrix and that the sizes are 5e10 nm.
These observations indicate that the oxide particles are stable
through the whole manufacturing processes of rolling and
heat treatments.
2.2.2.3. Tensile properties. To investigate the effects of the
proposed manufacturing route on the mechanical properties
of 10Cr-1Mo ODS steel, tensile tests were conducted at room
temperature and 700C in air at a strain rate of 3.3  104/s.
The tensile test results of the 10Cr-1Mo ODS steel following
themanufacturing process at both temperatures are shown in
Fig. 17, together with the corresponding results in the absence
of the manufacturing route. Comparison of the tensile prop-
erties between specimens in the absence and presence of the
manufacturing process demonstrates that there is not much
difference in the tensile strength and elongation between the
specimens for both temperatures. The tensile strength of the
final thin plate that went through the manufacturing process
was slightly reduced, but the uniform elongation was
increased at room temperature. This result seems to be
because of an increase of the fraction of residual ferrite
structures through several intermediate heat treatments in
the course of the manufacturing process. At elevated tem-
perature, on the other hand, the tensile strength value with
the manufacturing remained higher while the elongation
exhibited an adequate, yet somewhat lower, ductility
compared to the values without the manufacturing. Since
large ferrite grains, unlike martensitic structure, have a posi-
tive influence on the high-temperature strength and the fine
oxide dispersionmainly plays an important role in themotion
of dislocations at high temperature above 700C, it is consid-
ered that the increased ferrite grains induced by severalcopy images of 84Fe-14Cr-2Y2O3 mechanical alloying oxide
ling times. (A) 10 minutes. (B) 90 minutes.
Fig. 10 e X-ray powder diffraction patterns of 84Fe-14Cr-
2Y2O3 mechanical alloying oxide dispersion strengthened
alloy consolidated by spark plasma sintering method with
milling times of 10 minutes and 90 minutes. MA,
mechanical alloying.
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the oxides in the ferrite grains makes the tensile strength
higher at an elevated temperature. These results enable the
conclusion that the tensile property of the 10Cr-1MoODS steel
remains robust and superior even after the manufacturing
process.
2.2.3. ARROS tube
ODS steel is considered a cladding tubematerial for a SFR. The
cladding tube is dimensioned to be 7.4 mm in outer diameter,
0.54 mm in wall thickness, and 2,500 mm in length. This
specific fabrication is quite a complicated and challenging
process due to the high strength and poor ductility of ODS
steels. ODS steel was fabricated by alloy powder fabrication,
mechanical alloying, hot consolidation, and tubing processes.
Alloy powder without Y2O3 was fabricated by vacuum induc-
tion melting and Ar-gas atomization processes. Mechanical
alloying is an essential process in that the continuous colli-
sions between the grinding media and raw powders with a
high revolving energy result in repeated crushing and cold
welding of the powders, which eventually create a homoge-
nous mixing and alloying in the constitution elements. The
alloy powders and Y2O3 powder were mechanically alloyed by
a high energy horizontal ball-mill apparatus, a Simoloyer CM-
20. The surface morphologies of mechanically alloyed powder
with different MA times are shown in Fig. 18. The initial raw
metallic powder was quite spherical in shape because the
powder was manufactured by a high pressure Ar-gas atomi-
zation process. After 1 hour of the mechanical alloying pro-
cess, the powder showed an irregularly spherical and flake
shape with a rough surface. With an increase in the milling
time, the particle size was decreased with a uniform flake
shape. A modified mechanical alloying condition has been
developed for ARROS. Continuous operation with low and
high collision energy between raw powders and grinding
media is a key technology. This process was successfullyapplied to fabricatemechanical alloying powderwith very fine
and homogeneous particles.
Milled powders were then sieved and charged in a steel
capsule. All powder handling processes for the weighing,
collecting, sieving, and charging were conducted in a
completely controlled high purity argon atmosphere to pre-
vent oxygen contamination during the process. After
annealing in the furnace at 1,100C, the capsules were
extruded with a 6.4:1 extrusion ratio. After normalizing heat
treatment, advanced radiation resistant ODS steel showed a
high hardness of about 500 Hv. This is too hard to perform the
cold working process for the tubing. However, furnace cooling
heat treatment with a diffusional transformation at austenitic
temperature makes the process quite easy. The outward ap-
pearances of the hot extruded ODS steels and mother tubes
are shown in Fig. 19. The ODS steel rods were hot forged for
the axis straightening and followed by furnace cooling heat
treatment. Through this process, the hardness could be low-
ered to 250 Hv, which is a sufficient hardness level for the
tubing including pilgering and the cold-drawing process.
2.3. Joining of ODS steels
Welding and joining an ODS steel to itself or another struc-
tural material are necessary processes for the structural
components in next-generation nuclear systems. Fuel clad-
ding assemblies for a SFR are considered to be fabricated by
joining the cladding tube and end-plug composed of ODS
steels [37]. In a fusion reactor, ODS steels are considered as the
structural materials of the blankets and divertors because of
the extremely high temperature and irradiation dose [38,39].
For application of ODS steel to these structural components
with a huge and complex structure, reliable welding and
joining techniques need to be developed so that the micro-
structures with a very fine grain and homogeneous distribu-
tion of nano-scaled oxide particles are not remarkably
changed by the joining process [40]. The application of a
conventional melting-solidification welding technique such
as tungsten inert-gas welding for joining ODS steel can result
in a disruption of fine-scaled microstructures, especially fine
grains and nano-oxide particles, and consequently, a loss of
high-temperature strength because of the growth or agglom-
eration of the featured microstructures as shown in Fig. 20
[42]. To overcome this problem, several solid-state joining
techniques have been developed for joining ODS steels, such
as diffusion bonding [43], friction welding [44], friction stir
welding [45e47], and pressurized resistance welding [41].
2.3.1. Diffusion bonding
Diffusion bonding is done by simply pressing the materials
with sufficient creep deformation at the bonding interface.
This process requires an adequate high compressive load that
should heat the material without macroscopic deformation
for a given time sufficient to produce a suitable bond struc-
ture. Thus, this process differs from that of pressure bonding
in that lower pressure, higher temperature, and longer times
are required. Under these conditions, a good bond can be
formed without plastic deformation of the whole materials.
Additionally, the bonding temperature often corresponds to
that of the heat treatment of the material without any
(A)
(B) 
(C) 
5 nm
Z.A.[012]YCrO
FFT
d=2.59Å 
O(210)YCrO
Precipitates (replica)
Fig. 11 e Transmission electron microscopy images. (A)
Matrix prepared by jet polishing. (B) Precipitates by replica
of 84Fe-14Cr-2Y2O3 mechanical alloying oxide dispersion
strengthened alloy. (C) High-resolution transmission
electron microscopy image of the precipitates and the
corresponding fast Fourier transform image.
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 5 7 2e5 9 4 581detrimental effects on the heat affected zone and temporarily
melted zone.
In the general diffusion bonding process, an adequate
bonding temperature and pressure can be determined in the
range where the atomistic interaction between the joint in-
terfaces by the diffusion can occur without any changes in the
characteristics of the base metal during the bonding process.
Noh et al [48] studied the diffusion bonding of ODS ferritic/
martensitic steels (ODS-FMS) [48]. Diffusion bonding wasemployed to join ODS-FMS to itself under uniaxial pressing
loads. To achieve both high strength and favorable ductility at
a high temperature, the phase transformation during the
bonding process was utilized to eliminate the residual
bonding interface by the grain boundary migration. Micro-
structural changes during the diffusion bonding process are
shown in Fig. 21. The as-received ODS-FMS has a dual-phase
grain structure consisting of tempered martensite with fine
equiaxed grains and elongated ferrite. After a bonding process
at 1,150C for 1 hour under the uniaxial load of 15 MPa
following furnace cooling, very large grains over 1 mm were
exhibited, as shown in Fig. 21A. Based on the effect of a slow
cooling rate of 5C/min in the furnace, large grains are formed,
and they are ferrite formed through a phase transformation
from austenite to ferrite by a diffusional transformation dur-
ing the cooling stage. Coarsened carbides were simulta-
neously precipitated along the grain boundaries. Owing to the
phase transformation, the diffusion bonding interface
migrated and could not distinguish between the two base
materials even though the bonding boundary was actually
located at the center of the bonding structure, as illustrated in
Fig. 21B. To initiate the microstructure of diffusion bonded
ODS-FMS, post bonding heat treatments were carried out. The
microstructure of the joint region is shown in Fig. 21C.
Generally, grain boundary migration on ODS alloys is usually
very difficult owing to the presence of fine oxide particles,
which suppress the grain boundary movement by a high
pinning effect [17]. TEM bright field images showing the nano-
oxide particle distribution of the base material and joint re-
gion are presented in Fig. 22. Fine oxide particles of the
diffusion joint region were homogeneously distributed in the
matrix, which shows no difference from the results of the
basemetal. Themicrostructural observation revealed that the
diffusion bonding of ODS-FMS with the phase transformation
makes a favorable joint without a residual bonding interface
or defects.
Microstructural integrity leads to favorable tensile prop-
erties of the diffusion bonded ODS-FMS joints. The joint
components are expected to be operated at a temperature of
around 700C in advanced nuclear systems; hence, it is
important to investigate their mechanical properties at
elevated temperatures. The results of tensile tests on the base
metals and diffusion bonded joint at a high temperature are
summarized in Fig. 23. The tensile strength of the diffusion
bonding region appears to be as high as the strength of the
base metals. The total elongation of the diffusion bonding
joints was slightly lower than the base metal; however, it
corresponded to 80% of the base metal. Diffusion bonding
joints tested at room temperature were fractured in the base
material with a necking behavior at 100 mm from the bonding
interface. At 700C, a failure did not occur at the bonding
interface with a sufficient total elongation, while the defor-
mation mechanism of the ODS steel was dominated by grain
boundary sliding [49]. Tensile test results obtained at room
and elevated temperatures revealed that diffusion bonding
joints have a satisfactory and comparable joint strength
without a fracture at the bonding interface. Consequently, the
diffusion bonding of ODS-FMS with the phase transformation
showed excellent tensile properties without microstructural
degradation.
Fig. 12 e Hardness evolution of 10Cr-1Mo oxide dispersion strengthened steel during the cold rolling and intermediate heat
treatments.
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Friction stir welding (FSW) is considered to be the best welding
technique for welding ODS steels as the technique helps in
retaining the homogeneous nano-oxide particle distributionFig. 13 e Optical microscopy and scanning electron
microscopy images showing the grain morphology. (A) For
hot-extruded and (B) homogenized (mother plate) 10Cr-
1Mo oxide dispersion strengthened steels.in the matrix. When ideally implemented, FSW mixes the
material without changing the phase and creates a micro-
structure with fine and equiaxed grains. The mechanical
properties of the FSW joints are found to be superior to those
of the base alloy. The dimensions of the SFR clad tube include
an outer diameter of 7 mm, wall thickness of 0.5 mm, and
length of 3,000 mm. The curvature and smaller thickness of
the cladding tube is a major limitation for the FSW of the end
plug with clad tubes. The diameter of the FSW tool should be
reduced to 3e5 mm for the FSW of the end plug with the clad
tube. In this case, the frictional heat generated may not be
sufficient because of the small frictional volume. The various
tool materials and process conditions are under study for
sufficient heat generation due to the friction, and the spec-
imen designs are modified to compensate for the small fric-
tional volume.
A schematic of the cladding tube and end-plug assembly is
shown in Fig. 24A. The FMS and ODS steels are expected to be
used as the end-plug and tube, respectively. The outer diam-
eter of the tube is 7 mm, and the wall thickness is 0.5 mm.
After the nuclear fuel is loaded, the end-plug and tube have to
be joined using a solid-state method to avoid a possible re-
action from the nuclear fuel. In Fig. 24B, a schematic of the
sheet joining is shown for emulating the tube joining. The
curvature of the tube was not considered in this study and the
frictional volume could be reinforced by attaching a pad plate
at the bottom. The pad is coincident with the ledge of the end-
plug, and the total thickness of the joint increased to 1 mm. In
Fig. 24C, friction stir welded specimens of ODS sheets and the
miniaturized tensile specimen of the welds are shown. Rela-
tively sound welds were made with a tool traveling speed of
90 mm/min and rotating speed of 1,500 rpm. Cross sectional
micrographs of thewelds for the ODS steel to ODS steel joining
and the ODS steel to FMS joining are shown in Figs. 24D and
24E, respectively. The same tool rotation and traveling speed
were effective for joining both and evenly mixed material
flows are observed. There were no cracks or voiding in the
welds.
In Fig. 25, a 10Cr-ODS steel end-plug was joined to a Gr.
92 F/M steel tube which has an outer diameter of 7 mm and
inner diameter of 6 mm. A specially designed jig was used to
Fig. 14 e Electron backscatter diffraction analysis images showing microstructure evolutions during the cold rolling and
heat treatments for 10Cr-1Mo oxide dispersion strengthened steel. CR, cold rolling; FHT, final heat treatment; IHT,
intermediate heat treatment.
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its diameter was 3.5 mm. The rotation speeds of the tool and
jig were 1,200 rpm and 1.5 rpm, respectively. The key issue
was how to obtain enough joint area when using the tubeFig. 15 e Transmission electron microscopy micrographs.
(A) Martensitic structures. (B) Ferritic structures of 10Cr-
1Mo oxide dispersion strengthened steel after the cold
rolling with a reduction of 75% and final heat treatment.surface with a high curvature. As shown in Figs. 25B and 25C,
it was found that the FSW was very successful for joining the
tube and end-plug, and the joint showed a defect free and
regular surface.
After the successful joining, the burst test of the joint
was performed by means of blowing Ar gas inside the tube.
The flow rate of gas was 100 MPa/min. As a result, the joint
was found to be fractured, and the measured hoop strength
was 740 MPa. The value was 66% lower than the hoop
strength of the tube, and it was slightly lower than ex-
pected. An optical micrograph of the cross-section shows
that the thickness of the joint is relatively thin in the
present study. It is expected that the mechanical property
can be improved by modifying the end-plug design or FSW
tool design.Fig. 16 e Transmission electron microscopy bright-field
image showing nano-oxide particle distribution for 10Cr-
1Mo oxide dispersion strengthened steel with a thickness
of 1.0 mm after the manufacturing process of thin plate.
Fig. 17 e Tensile properties of 10Cr-1Mo oxide dispersion
strengthened steels in the absence and presence of
manufacturing process at different temperatures. (A) Room
temperature. (B) 700C. Elong., elongation; UTS, ultimate
tensile strength; YS, yield strength.
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The magnetic pulse welding (MPW) technique has come into
consideration as a substitutive joining process for fuel pin
fabrication using ODS ferritic/martensitic steels (ODS-FMS).Fig. 18 e Surface morphologies of mechanically alloyed powMPW is a solid-state impact joiningmethod [50,51] which uses
the power of a high-energy magnetic field to accelerate a
metal piece onto another stationary one and to create a
metallic bonding. The joining occurs upon impact within the
microsecond level at amaterial velocity of 200ms-1 to 500ms-
1. Even in such a short time period, the extent of heating is
minimal in the resultant joint. Therefore, metallurgically, a
heat affected zone or fusion zone can be hardly generated
despite the fact that MPW is a high-energy process. This
unique characteristic gives a strong possibility that the joint
produced by MPWwill not have a detrimental effect on either
the heat-treated microstructure of FM steels or the particle-
dispersion consistency of ODS steels. In addition, MPW pro-
vides several advantages in an industrial environment such as
good control over the process parameters, simple operation,
easy automation, and high-volume production [52]. Trials
have been made to join 9Cr-ODS steel tubes with end-plugs
made of Gr.91 FM steel, with the aim of ensuring the appli-
cability of the MPW technique to the end-closure joining of
fuel pin cladding tubes. The effects of the process variables on
the joinability were investigated to define the parameter
limits for acceptable joining with a geometry suited to the fuel
pin components. Both the macroscopic and microscopic
morphologies of the joint interface were also examined in
detail, and the joint quality was evaluated by a burst test at an
elevated temperature of 650C.
The test materials were 9Cr-ODS steel cladding tubes,
which contain 9 wt% of Cr as the main element. The chemical
composition of each material is presented in Table 3. A 9Cr-
ODS steel tubewith a 6.6mmdiameter and 0.45mm thickness
was prepared. The end-plugs were machined from a Gr. 91
steel plate with the composition shown in Table 3. The mag-
netic pulse unit consisted of a power supply, a capacitor bank,
trigger vacuum switches, and a single-turn coil as shown in
Fig. 26. The total capacitance (C) of the unit was 425 mF and the
charging voltage (V0) was fixed to 9.0 kV by referring to a
previous study on stainless steel [53,54]. The workpieces were
positioned inside the coil work zone (diameter: 8.8 mm,
length: 12mm) in an overlap configuration (Fig. 27A), in such a
way that an end-plug with a tapered conical design was
inserted into an outer tube and a copper driver sleeve with a
thickness of 0.5 mm and a length of 12mmwas slipped tightlyder with different lengths of mechanical alloying time.
Fig. 19 e Outward appearances. (A) Hot extruded rods. (B) Mother tubes of advanced radiation resistant oxide dispersion
strengthened.
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ometry was recognized as one of the critical factors affecting
the joinability, and thus the taper angle (a) and taper length
(LC, LT) of the end-plug were optimized by an experimental
parametric investigation, as shown in Fig. 27B. On account of
the taper angle, the stand-off distance between the tube and
the end-plug increased gradually along the collision direction
(Fig. 27A). A step-down in diameter from 5.8 mm to 5.0 mm
was also introduced to achieve a whiplash effect with
increased acceleration. According to the MPW test on FM steel
[54], the optimal dimensions were decided as a a of 5 degrees,
LC of 10 mm, and LT of 9 mm.
When the capacitor bank was charged by the power supply
and the trigger vacuum switches were closed, an intense
pulsed current that typically peaked at hundreds of kilo-
amperes (kA), with a time to peak current of about 7 ms, was
released to the coil, as shown in Fig. 27C [55]. When the pulsed
current flowed through the coil from the capacitor bank, a
high-density magnetic field was induced around the coil. The
generated magnetic field intersected with the driver sleeve
and excited an eddy current on the surface of the driver sleeve
in accordance with Lentz's law [56]. Eventually, repulsion be-
tween the eddy current in the driver sleeve and the magnetic
field around the coil created an electromagnetic force inward
according to Fleming's left-hand rule. This electromagnetic
force, the so-called Lorenz's force, accelerated the driver
sleeve together with the flyer tube and caused an impact
collision or implosion of the flyer tube onto the end-plug at
high velocity, thereby resulting in a metallic bonding between
the tube and end-plug. No postjoining heat treatment was
employed.Fig. 20 e Microstructure of tungsten inert gas welded
MA956 oxide dispersion strengthened steel [41].Fig. 28 shows typical MPWed ODS steel tubes with a length
of ~120 mm. On the right side, it can be seen that the end-
closure joint was produced by a uniform collapse of the tube
onto the tapered end-plug and the driver sleeve was also
peeled off by a simple mechanical cutting. From the non-
etched longitudinal view in Fig. 29A, it was confirmed that a
large portion of the joint was bonded metallurgically without
any defects, and the bonding interface was almost invisible
during the optical microscopy observation. Furthermore, a
wavy appearance was distinctly observed at the bonded re-
gion, where the grain morphology remained unchanged near
the wavy interface compared to that of the base metals, as
shown in Fig. 29B. The results demonstrate that the practical
MPW conditions used in this investigation satisfied the theo-
retical requirement of the joinability window for the ODS
steel.
Fig. 30 shows a TEM micrograph taken from the interfacial
region framed in Fig. 29B. The MPWed interface between the
9Cr-ODS steel tube andGr. 91 steel end-plugwas quite narrow,
as it was hard to distinguish the bonding interface from the
grain boundaries of the base metals (dotted line in Fig. 29).
This observation supports the theoretical aspect of MPW in
which the two surfaces to be joined are initially cleaned and
activated by collision jetting, and atomistic bonding is then
achieved because the impact pressure is applied simulta-
neously on the clean surfaces in contact with each other [57].
A noticeable microstructural change in the vicinity of the
bonding interface was the grain refinement in the 9Cr-ODS
steel tube side, as shown in Fig. 30. During the MPW process,
the flyer tube underwent a high strain-rate deformation over a
very short period of time (10e20 ms), which is similar to various
severe plastic deformation (SPD) processes [58]. It is widely
agreed that severe plastic deformation introduces an
ultrafine-grained structure, in which the dislocations play a
key role in the grain size reduction by subgrain formation [59].
Analogously, many dislocations were distributed at the grain
interior close to the refined zone, as indicated by the dotted
arrows in Fig. 30, indicating that a large plastic deformation
occurred near the bonding interface at a quite high strain-rate
by the applied electromagnetic pressure. It is also worth
noting that the grain refinement was confined to a narrow
width of 1e1.5 mm in the present joint, and beyond the refined
region, the original grain structure was well preserved after
bonding. This means that the high-strain-rate-induced
Fig. 21 e Microstructural changes during the diffusion bonding processes. (A) As-received oxide dispersion strengthened-
ferritic/martensitic steel. (B) After diffusion bonding. (C) After heat treatments [48].
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collision moment.
Table 4 shows the TEM EDS chemical analysis results of the
marked points in Fig. 30. It was clear that eachmaterial across
the bonding interface retained its own composition and there
was no evidence of local melting accompanied by material
mixing. This result was significant because the oxide disper-
sion characteristics of the ODS steel can be maintained by
employing this solid-state MPW process. Since the strain-
induced temperature rise could be low in the MPWed joint
[59], the rigidmetallurgical bonding was obtained by the solid-
state impact collision without altering the original reinforce-
ment structure of the ODS steels, as shown in Fig. 30.
To confirm the achievement of the strength requirement of
the end-closure joints, 9Cr-ODS steel cladding tube assem-
blies were hydrostatically tested to failure at room tempera-
ture as well as at an elevated temperature of 650C through an
internal pressure burst test. The result was quite promising inFig. 22 e Transmission electron microscopy bright field images
and (B) diffusion bonding joint [48].that a rupture occurred in the cladding tube section at a hoop
stress value of 875 MPa at room temperature and at 410MPa at
650C, and the joined section was undamaged, as shown in
Fig. 31. Although it is was not possible tomeasure the absolute
strength for the MPWed joint, it was obvious that the rupture
strength obtained from the burst test corresponded to the
strength of the cladding tube; moreover, the bonding strength
of the joint was higher than that of the ODS steel tube itself.
In conclusion, the end-closure joining of a FM-ODS steel
cladding tube was successfully attempted by employing a
MPW technique. For a given set of optimal process parame-
ters, the tube and end-plug were metallurgically bonded
without leaving any pores or voids, and the bonded region
showed a typical wavy appearance, which is regarded as a
joint formation criterion. Local plastic deformation and
impact collision hardened the interfacial region, but the
strain-hardening was confined to a limited area (~100 mm).
Furthermore, a detailed TEM observation showed that theshowing the oxide particle distribution. (A) Of base metal
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Fig. 23 e Tensile properties of oxide dispersion
strengthened-ferritic/martensitic steel on base metal, base
metal heat-treated, and diffusion bonding joint at 700C
[48]. BM, base metal; BM-HT, base metal heat-treated; DB,
diffusion bonding.
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state atomistic bonding appeared as one of the grain bound-
aries. There was no evidence of even local melting, and only a
narrow grain refinement was observed in the vicinity of the
bonding interface without destructing the original reinforce-
ment microstructure of the FM-ODS steels, i.e., a fine grain
structure with oxide dispersion. Through an internal pressure
burst test on the MPWed FM-ODS steel samples, it was alsoFig. 24 e Tubes and tools used. (A) A schematic of cladding tube a
and the wall thickness is 0.5 mm. The end-plug and cladding t
dispersion strengthened (ODS), respectively. (B) The schematic
welded (FSWed) specimens of ODS plates and the small-sized ten
the FSWed plates, the ODS to ODS joining. (E) Cross section micr
steel joining.confirmed that the joint section had higher strength than that
of the ODS steel tube itself, thus causing a rupture in the
cladding tube section.2.4. Ion irradiation tests
The dispersed particles in ODS steels improve their tensile
strength and creep rupture strength, and allow higher oper-
ation temperatures of a nuclear reactor. Moreover, they
generally play a role as sinks for irradiation defects. The
dispersed oxide particles are believed to determine the per-
formance of the steel, even its irradiation resistance.
Ion irradiation is widely used as a means of introducing
radiation damage in materials [60]. The difference in corre-
sponding irradiation characteristics between ions and neu-
trons is definite; irradiated ions will be stopped inside the
target material because of the electron's stopping power,
whereas irradiated neutrons penetrate the target material.
However, the microstructure evolution during a nuclear
stopping event will be similar between ion and neutron irra-
diation when a sufficient acceleration voltage is applied. The
displacement of atoms will cause an accumulation of voids
which are very harmful to metals owing to their strong
interaction with lattice defects. As a result, local swelling and
degradation of the mechanical properties of bulk materials
take place as well.
In this study, F/M and ODS model alloys of KAERI were
irradiated by using Fe3þ self-ions to emulate the neutron
irradiation effect [61]. The different irradiation-damage be-
haviors between F/M and ODS steels were compared.
Heavy-ion (Fe) irradiation can generate a large amount of
deformation (~100 dpa) during a short period (a week), but the
depth of the damaged layer is only several mm. Considering
that the thickness of the tube is 500 mm, the bulk propertiesnd end-plug assembly. The outer diameter of tube is 7 mm,
ube are made of ferritic/martensitic steel and oxide
of plate joining for emulating tube joining. (C) Friction stir
sile specimen of the welds. (D) Cross sectionmicrograph of
ography of the FSWed plates, the ODS to ferritic/martensitic
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Fig. 25 e 10Cr-oxide dispersion strengthened steel end-plug was joined to Gr. 92 ferritic/martensitic steel tube. (A) Specially
designed jig was used to stabilize the tube. The friction stir weld tool was made of Inconel 718, the diameter of the tool was
3.5 mm. The rotation speeds of tool and jig were 1,200 rpm and 1.5 rpm, respectively. (B) The joint showed a defect free and
regular surface. (C) Sound weld has been made between the end-plug and the tube.
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 5 7 2e5 9 4588cannot be estimated. In the case of proton irradiation (20MeV),
the depth of the damaged layer will be almost 800 mm. How-
ever, the dpa level will be too low (0.01 dpa/y) to be estimated.
While more investigation is required for a reasonable, scien-
tific way to estimate bulk properties of those ion-irradiated
regions, the small-sized test techniques are our concern. A
thin plate specimen is thus suitable for the ion irradiation test
using an ion irradiation facility in the present study because
the penetration depth of the ion irradiation is limited to only
1e2 mm irrespective of the shape of the specimen.
The chemical compositions of the model alloys are sum-
marized in Table 5. As stated above, The F/M steels were
fabricated by using vacuum induction melting and then
formed into a plate by hot rolling at 1,150C. After that,
normalizing was performed at 1,050C for 1 hour, and
tempering was carried out at 750C for 2 hours. The ODS steelsTable 3 e Chemical compositions for the test materials (in wt%
Materials Fe Cr Mo W Mn N
Tube HT9 Bal. 12.1 1 0.5 0.5 0
ODS Bal. 9.0 2.1
End-plug Gr. 91 Bal. 8.9 0.9 0.4 0
ODS, oxide dispersion strengthened.were fabricated using a high-energy miller (CM 20) at 240 rpm
for 48 hours. The MA powders were placed in an AISI 304L
stainless-steel container, sealed after a degassing process,
and consolidated using a hot isostatic pressing process at
1,150C under a pressure of 100 MPa for 3 hours. A hot
isostatic-pressed billet was hot-rolled at 1,150C into a plate
with a reduction ratio of 40%. The surfaces of the samples
were mechanically polished with diamond pastes and then
electro-polished by using 10% perchloric acid. The electro-
polished surface was irradiated with Fe3þ ions; the irradia-
tion conditions are shown in Table 4. The acceleration voltage
was 6.4 MeV, the total number of accelerated ions was
2.5 1020 ions/m2, and the irradiation temperature was 300C.
In Fig. 32, the ion-irradiated areas of ODS steels are shown
in TEM bright-field images. The direction of the ion beam is
indicated by a black arrow; the microstructures of the).
i V Nb Ti C Si N Y2O3
.5 0.3 0.02 0.2 0.1 0.01
0.14 0.12 0.01 0.36
.2 0.2 0.1 0.12 0.2 0.05
Fig. 26 e Photo of magnetic pulse welding system
consisting of power supply, capacitor bank, trigger vacuum
switches, and single-turn coil.
Fig. 27 e Collision direction. (A) Schematic illustration for
overlap configuration of coil, driver sleeve, tube, and end-
plug. (B) Representative end-plug geometry. (C) Typical
oscillating current wave form.
Fig. 28 e External appearance of magnetic pulse welded
9Cr-oxide dispersion strengthened steel tube samples. The
copper driver sleeve shown on the upper sample was
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shown in Figs. 32A and 32C. Magnified images of the typical
morphology are shown in Figs. 32B and 32D; small nano-sized
circular cavities are observed. The dispersed oxide particles or
nano-clusters generally play a role as sinks for irradiation
defects; the locations of the cavities are coincident with the
locations of the oxide particles or nano-clusters. The effect of
Mo addition was hard to quantify; however, the number
density of cavities seemed to be reduced in ODS-2 compared
to ODS-1. Instead, ODS-2 showed more dislocation loops and
cell structures after irradiation; Mo in a solid solution is
generally effective in reducing the dislocation mobility of an
iron matrix. The Mo-added matrix suppressed the generation
of cavities because higher irradiation damage amounts were
stimulated in the Mo-added matrix.
The nano-hardness of the F/M and the ODS steels
measured on the surfaces of the specimens is shown in Fig. 33.
Firstly, we evaluated that the hardness of the ODS steel was
generally higher than that of the F/M steel. The unirradiated
specimen of F/M-1 showed a nano-hardness value of 3.48 GPa
while ODS-1 showed a value of 5.2 GPa. Secondly, the F/M and
the ODS steels commonly exhibited irradiation hardening;
however, the irradiation hardeningwasmore active in the F/M
steel than it was in the ODS steel. The nano-hardness varia-
tions in the F/M and the ODS steels were roughly 35% and 25%,
respectively. During irradiation, F/M and ODS steels had
different microstructural responses to external stress; thus,
their irradiation hardening rates were different.
In this study, Fe3þ self-ion irradiation was used as a means
of introducing irradiation damage in F/M and ODS steels. An
ion accelerator named DuET (at Kyoto University, Japan) was
used for irradiation with 6.4 MeV Fe3þ ions at 300C. The total
number of accelerated ions was 2.5  1020 ions/m2, and the
maximum damage rates in the F/M and the ODS steels were
estimated to be roughly 6 dpa. The irradiation-induced hard-
ness change in the damaged layer was evaluated by using
nano-indentation. The F/M and ODS steels commonly
exhibited irradiation hardening; however, the irradiation
removed from the lower sample (tube length of ~120 mm).
Fig. 29 e Tube and end-plug. (A) View of the nonetched longitudinal section. (B) Interfacial optical microscopy image for the
9Cr-oxide dispersion strengthened end-closure joint. ODS, oxide dispersion strengthened.
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steel. Themicrostructure evolutions after the irradiation were
investigated; point or line defects were dominantly observed
in the F/M steel, while small circular cavities were typically
observed in the ODS steel.3. Future prospective
With the recent accelerated evolution of nuclear reactors
combined with ever-increasing world energy demands, futureFig. 30 e Transmission electron microscopy bright-field
image taken from the interfacial region for the 9Cr-oxide
dispersion strengthened steel joint framed in Fig. 29B.
ODS, oxide dispersion strengthened.
Fig. 31 e External appearance of the 9Cr-oxide dispersion
strengthened steel cladding tube assemblies after internal
pressure burst test.nuclear reactor systems have spurred considerable research
and developmental interests in theworld'smajor nationswith
nuclear power reactors because they are believed to further
improve the efficiency, safety, reliability, and proliferation-
resistance of nuclear reactors. Among the future nuclear
systems, KAERI is focusing on the development of a SFR.
While there is continued effort and concern for theTable 4 e Experimental conditions for end-closure
joining of HT9 steel tubes.
Sample A B C D E F
C (mF) 425 425 425 425 425 425
V0 (kV) 8.5 8.5 8.5 8.5 8.5 8.5
a () 3 3 5 5 5 7
LC (mm) 10 10 10 10 8 10
LT (mm) 8 9 8 9 7 9
Table 5 e Ion irradiation test samples (in wt%).
Steel ID Fe Cr Mo W Zr Ti Y2O3
F/M 1 Bal. 9.0 1.1 0.01 0.01
2 Bal. 9.0 1.1 0.01 0.02
ODS 1 Bal. 15.0 2.0 0.30 0.35
2 Bal. 15.0 1.0 0.30 0.35
Bal.,; F/M, ferritic/martensitic; ODS, oxide dispersion strengthened.
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 5 7 2e5 9 4 591implementation of fast reactors in commercial nuclear re-
actors, unfortunately, it has not yet been substantialized, and
studies and reports have shown that there are numerous
challenges to overcome. A fundamental challenge is the dif-
ficulty in achieving efficiency and safety of future nuclear re-
actors using existing core structural materials. To realize a
commercial SFR system in the future, accordingly, theFig. 32 e Irradiation-damaged area of the oxide dispersion stre
0e2.5 mm deep from the surface. (B) Typical morphology of its d
Fig. 33 e Nano-hardness measured on the surfaces of the unirr
(A) ferritic/martensitic steel and (b) oxide dispersion strengthen
indentation depth. F/M, ferritic/martensitic; ODS, oxide dispersdevelopment of an advanced nuclear material such as ODS
steel, which is applicable to future nuclear systems as the core
structural component, is needed.
Currently, the ODS steel called ARROS consisting of a Fe-
10Cr-1Mo system with Mn, V, Ni, Zr, Ti, and Y2O3 as minor
elements has been intensively developed as a nuclear clad-
ding and structural material for future nuclear systems at
KAERI. ARROS was well fabricated by the establishment of
various process conditions in mechanical alloying, hot
consolidation, and heat processes. Our results clearly
demonstrate that excellent tensile and creep strengths even at
elevated temperature, as well as room temperature, were
identified in ARROS. In addition, it is expected that ARROS
may provide improved fracture toughness compared to earlier
ODS steels, and superior radiation resistance to void swelling
and high temperature helium embrittlement due to many
advantages concerning its composition and microstructure. Angthened (ODS) alloys. (A) Microstructure of ODS-1 at
amaged area. (C, D) The corresponding data for ODS-2.
adiated and the irradiated specimens. Nano-hardnesses of
ed steel were measured by the differentiating the
ion strengthened.
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designed manufacturing process. Although more study is
needed for creep and irradiation tests of the plate obtained
through the manufacturing route described in this study, the
results and understandings made in our study may provide
valuable insights in coping with manufacturing issues stem-
ming from the low ductility and high hardness of ODS mate-
rial at room temperature. The fabrication process for the
tubing is currently set up and has progressed in earnest.
Development of viable joining technologies using solid-state
welding such as diffusion boding, friction stir welding, and
magnetic pulse welding for the component fabrication has
advanced considerably. Considering that the diffusion
bonding of ODS F/M steel with a phase transformation
revealed excellent tensile properties without microstructural
degradation, it is expected that this will be a very applicable
method to join ODS FM steel for fabrication of advanced nu-
clear system components. In the case of FSW, optimization of
the end-plug design and FSW tool design is needed to improve
the mechanical property after the joining. The FSW process
conditions and design will be optimized in the future, and
FSW of the ARROS tube to the end-plug will be tried after the
ARROS tube is manufactured. For the MPW, all tests and ob-
servations made on the MPWed ODS FM steel joints revealed
that this method of end-closure joining can be widely applied
to a variety of particle-dispersion alloys as well as composite
materials, of which the microstructure should be preserved to
ensure their joint reliability. The minimal heating effect dur-
ingMPW is also beneficial for the dissimilar joining of metallic
materials, such as aluminum to steel and copper to titanium,
by minimizing intermetallic formation in the joints. As a
result, the MPW technique can offer great potential for
advanced fast reactor fuel pin fabrication. While more inves-
tigation is required for the effect of intense neutron irradiation
on ARROS, significant results on the irradiation-damage be-
haviors of F/M and ODS steels using Fe3þ self-ions were pre-
sented in the present study. It is believed that this result will
be helpful in understanding the irradiation performance of
ARROS. Our belief is that ARROS will be one of the new
promising candidates as an in-core cladding tubematerial of a
SFR in the future.4. Summary
To develop future nuclear reactor systems such as a SFR,
improved core structural materials with the potential to be
applicable under severe conditions in terms of operating
temperature and irradiation fluence are needed. Fe-basedODS
alloys are being considered as the most prospective candidate
materials for in-core structural components such as cladding
tubes, wires, and ducts in a SFR. ARROS (10Cr-1MoODS steels),
with a ferritic-martensitic structure, has been developed, and
this ODS steel shows excellent tensile and creep strengths at
700C. Considerable progress on the fabrication and joining
technologies of ODS steels has also been made. While more
studies are required for the irradiation performance of ODSsteel, the irradiation-damage behaviors between F/M and ODS
steels using Fe3þ self-ions were investigated in the present
study.
It is expected that ARROSwill be used for in-core structural
components such as the fuel cladding of a SFR in the future. In
addition, ODS steels will also be used as high strength struc-
tural component materials in the military, aerospace, and
plant industries including fusion reactor systems.Conflicts of interest
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